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Abstract

In a recent flight experiment to study hypersonic

crossflow transition, boundary layer characteristics were

documented. A smooth steel glove was mounted on the

first stage delta wing of Orbital Sciences Corporation's

Pegasus ® launch vehicle and was flown at speeds of up
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to Mach 8 and altitudes of up to 250,000 ft. The wing-

glove experiment was flown as a secondary payload off

the coast of Florida in October 1998. This paper

describes the measurement system developed. Samples

of the results obtained for different parts of the

trajectory are included to show the characteristics and

quality of the data. Thermocouples and pressure sensors

(including Preston tubes, Stanton tubes, and a

'probeless' pressure rake showing boundary layer

profiles) measured the time-averaged flow. Surface hot-

films and high-frequency pressure transducers measured

flow dynamics. Because the vehicle was not

recoverable, it was necessary to design a system for real-

time onboard processing and transmission. Onboard

processing included spectral averaging. The quality and

consistency of data obtained was good and met the

experiment requirements.

Nomenclature

AC

DAPS

alternating current

Data Acquisition and Processing System
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dB decibels

DC direct current

FTF flight test fixture

g gravity

kHz kilohertz

M Mach number

Mbit/sec Megabits per second

ms millisecond

mV millivolts

NASA National Aeronautics and Space
Administration

OSC Orbital Sciences Corporation, Dulles,

Virginia

PCM pulse code modulation

PHYSX Pegasus Hypersonic Experiments

PSD power spectral density

psi pounds per square inch

Re Reynolds number

RMS root-mean-square

sps samples per second

t time

TC thermocouple

V volts

Introduction

Interest in air-breathing flight at hypersonic speed has

prompted research to improve the understanding of

aerodynamic and aerothermodynamic flow phenomena
over hypersonic vehicles. The understanding of
transition from laminar to turbulent flow is of both

fundamental and practical importance, because the

onset of transition dictates the forebody botmdary-layer
thickness entering the inlet. It also affects local heating

which is a critical element in the design of hypersonic
vehicles.

In order to validate transition codes at Mach numbers

and Reynolds numbers commensurate with future

hypersonic air-breathing vehicles, a series of flight

experiments aboard the Orbital Sciences Corporation
(OSC), (Dulles, Virginia) ®Pegasus launch vehicle were
defined. These experiments, called PHYSX (Pegasus

HYperSonic eXperiments), incrementally led to the

identification of important transition characteristics at
Mach numbers from 5 to 8 and altitudes above

100,000 ft. References 1 and 2 describe the plans for
and the development of these experiments.

In 1994 the FX-A experiment was flown to examine

important measurement issues, and in 1998 the FX-1

experiment was flown using an instrumented wing

glove. This paper focuses on the essential features of the

measurement system and data processing techniques

used in the latter experiment. Selected flight results are

included in order to illustrate the quality of the data. A

detailed analysis of the data will be reported separately.

Note that use of trade names or names of

manufacturers in this document does not constitute an

official endorsement of such products or manufacturers,

either expressed or implied, by the National Aeronautics

and Space Administration.

Requirements

To carry out this experiment certain requirements

were imposed. The aerodynamics and structure of the

glove, measurement parameters, signal processing

needs, and operational limitations all had to be
accommodated.

Aerodynamic and Glove Requirements

In aerodynamic flight research it is often beneficial to

conduct studies with a 'glove,' i.e. a geometrical shape

mounted to a wing, external to the existing structure. To

study the characteristics of crossflow transition, FX-1

required a glove that amplified crossflow disturbances

and dampened out Tollmien-Schlichting disturbances.

For laminar and transitional flow over the glove, the

attachment-line boundary layer needed to be laminar. As

a rule of thumb, this means that the Reynolds number

needed to be below 100,000 based on the radius of

curvature at the attachment line. Furthermore, the angle

of attack had to be small in order to obtain the required

pressure distribution.

Any discontinuity in the radius of curvature of the

glove or of the vehicle-glove fairing inboard and

upstream of the glove could cause a shock. The glove

had to be smooth and free of waviness. The roughness

criterion states that the Reynolds number should be

smaller than 10 based on local free-stream velocity and
3

roughness height. Acceptable waviness is on the order
of 0.0002. 4
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The fairing had to be nonablative in order to preclude

contamination in the flow over the glove. To support

design choices (enumerated in the Instrumentation

section of this paper), the glove surface had to be

thermally conductive and thin.

The glove also had to be strong enough to take the

loads experienced as the vehicle accelerates to

supersonic speeds at an 18° angle of attack, and it had to

be installed with minimum modification to the existing

wing structure and with no significant change to the

wing stresses.

Measurement Requirements

Since this was a code validation experiment, the

parameters modeled in the codes were the required

measurements. Those code parameters were transition

location, fluctuation intensity, disturbance frequencies,

and propagation speed and direction. Boundary

conditions consisted of temperature distributions,

surface pressure distribution, boundary layer profile,

and flow direction. Mach number, Reynolds number,

angle of attack, free-stream turbulence characteristics
and vibration level measurements were also needed.

The most important parameters were measured either

with more than one technique or with multiple uses of

the same technique. There were three reasons for this.

The first reason was operational. The wing-glove would

fly only once, and because there was no guarantee that

repairs could be made to failed sensors or signal

conditioning, measurement redundancy was required in

order to minimize the risk of not meeting these

requirements. Secondly, when independent techniques

are used, uncertainties in the results from one technique

can be reduced by having the results of another

technique. For example, if heat flux and pressure

changes result from the passage of transition, detecting

both of those changes can clarify where and when

transition did in fact begin and end. Finally, multiple

measurements make it possible to systematically

evaluate the effect of certain unknowns. For example, if

it is not clear in advance what interference the physical

size of a sensor might have on the measurement, two
sensors of different size can be used and their results can

be compared.

Proven measurement techniques were used. However,

when none existed or when a proven technique was used

in a new way or in a way that exceeded previous

experience with that technique, laboratory testing (and,

if necessary, precursor flight testing) was done to

establish confidence in the technique.

It was also necessary to assume that any external
sensor or instrumentation would cause transition. Thus

any instrumentation protruding above the glove surface

was required to be toward the rear of the glove.

Furthermore, computed wall streamlines were required

in lieu of pressure ports in the leading edge region,

because disturbances resulting from those ports would

spread to the main portion of the glove.

Signal Processing Requirements

Power spectral densities (PSD), correlations in time

and space, and statistics were required in order to

document the physics of the transition process as

completely as possible. For these analyses to be

effective, the frequency content of the data needed to be

high, up to 25 kHz.

Ideally, every time-series sample contributing to these

analyses would be recorded. However, the total data rate

required for doing so would have been 10 Megabits per

second (Mbit/sec). Three operational limitations made

recording all the data impossible: (1) the maximum real-

time telemetry data rate available was 0.8 Mbit/sec;

(2) the data could not be recorded onboard the vehicle

and processed postflight because the Pegasus ® was not

to be recovered; (3) the data could not be buffered
onboard the vehicle and transmitted at a lower rate

before the end of the flight because of the short flight
time.

Because of these limitations, the requirement emerged

for onboard signal processing equipment that could

acquire data at a 10 Mbit/sec rate and then process the

data in some way that would fit the required content into

a 0.8 Mbit/sec telemetry link. The equipment would

either need to (1) pass on enough data for meaningful

PSDs, correlations, and statistics to be computed on the

ground, or (2) it would need to perform the analyses in

real-time and transmit the results, or (3) it would need to

do a combination of (1) and (2). Since transition physics

change appreciably as Mach number increases, any real-

time analysis would need to be accomplished within the

time that Mach number changes by 0.01; that is, within

100 milliseconds (ms).

Operational Requirements

FX-1 was planned as a secondary payload aboard the
Pegasus ® because the experiment objectives could be

met without going to the expense of purchasing a

dedicated launch. As a result of being a secondary

payload, however, FX-1 had to be integrated into a

launch with the minimum possible schedule impact.
This meant that FX-1 hardware needed to be assembled
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independently(asmuchaspossible)fromtherestofthe
vehicle.It alsomeantthattheremightnot beany
opportunitiesto repair failed sensorsor signal
conditioningafterintegrationwiththeprimarypayload.

Initially,therewasno requirementfor real-time
controlroomdisplaysduringthelaunchorduringthe
captive-carryflightleadingto launch.Theonlyreason
tohavesuchdisplayswouldbeto havetheabilityto
noticesystemfailuresandrepairthembeforelaunch.
Theoptionto repairwasnotgoingto beavailableto
FX-1sinceit wasasecondarypayload.However,asthe
investmentinFX-1grewwithtime,real-timedisplays
andthe optionto repaircriticalsystemsbecame
requirements.Sincethecostofdelayingalaunchwould
growasthelaunchgrewnearer,therequirementfor
decision-treeanalysiswasadded.Thedecisiontree
wouldsystematicallyorganizetheresearchobjectives,
therelevantinstrumentation,thepotentialfailuremodes
of thatinstrumentation,andthefactorsinvolvedin
repairingthatinstrumentationsothattheFX-1project
managercouldknowinadvancewhatdecisiontomake
(todelayornottodelay)intheeventofsystemfailures.

Vehicle Description,

Trajectory, and Flow Field

The Pegasus ® is a three-stage solid-rocket launch

vehicle, 5 designed for launch from a carrier airplane

(currently an L-1011) at Mach 0.8 and an altitude of

40,000 ft. The first stage of the Pegasus ® has a delta

wing with a leading-edge sweep of 45 °. Figure 1

illustrates the geometry of the Pegasus ® with the glove

and its fairing on the starboard wing. The vehicle

consists of a blunt-nosed cylindrical body of

50 in. (1.27 m) in diameter and 50 ft (15.24 m) in

length. Except for the glove and the ceramic-tile fairing,
the vehicle is coated with an ablative for thermal

protection.

Figure 2 illustrates how the Pegasus ® is launched

from the L-1011 and how the payload is put into orbit.

Only the first-stage flight was relevant to the experiment

since the glove was part of Stage 1.

The time histories of Mach number, altitude, and

angle of attack in Figure 3 illustrate the trajectory as a

function of time. The vehicle is dropped from the

L-1011 at time 0. The engine fires at time = 5 sec.

Then the vehicle goes through Mach 1 and pitches up to

an 18° angle of attack. With the lift provided by the

delta wing, the vehicle begins to gain altitude. The main

flight regime of interest for FX-1 is the portion of the

trajectory where the angle of attack has been reduced
almost to zero and the attachment line is laminar.

The trajectory may also be expressed in other

parameters related to flow conditions and

instrumentation. Figure 4 has unit Reynolds number and

ambient and dynamic pressures plotted against Mach

number. The figure illustrates how the pressures change

by almost three orders of magnitude during the first-
stage flight. This has consequences for the measurement

resolution of the 12-bit data acquisition system.

Adaptive gain was not used for reliability and

bookkeeping reasons. Instead, the gains were set to

large values and signal saturation in the first portion of

the flight was accepted.

The vehicle flow field is governed by two shocks: the

bow shock and the wing shock; i.e. the disturbance field

of the transitional flow is processed through two shocks.

Also, the pressure is higher than ambient and the local

Mach number is lower. The wall temperature on the

glove is always lower than the adiabatic wall

temperature.

The flow around the vehicle in general, and around

the glove in particular, was computed extensively using

Navier-Stokes codes, Euler codes, and boundary layer

codes. Since the trajectory was known only in general

terms, the sensitivity of disturbance amplification with

respect to reference condition was explored

systematically through computations involving the

potential range of angle of attack, Mach number,
Reynolds number, and wall temperature. 6

Glove Engineering and Design

To limit the changes to the vehicle, the experiment

was conducted using a part-span glove mounted on the

starboard side, with an appropriate counterweight on the

port side. Figure 5 is a photograph of the glove mounted

on the wing. Figure 6 is a plan view showing detail of

the glove and fairing.

In order to design a glove that could handle the

thermal and structural loads, it was necessary to

examine the trajectory in terms of local heat loads. The

heat transfer analysis was performed using two different

assumptions: an initial laminar and an initial turbulent

attachment line at the leading edge with an appropriate

transition criterion for the upper skin surface of the

glove .7

The glove was made out of steel. A solid leading-edge

structure (fig. 7) was used as a heat sink, but the rest of

the glove had a thin skin as required. The thin skin also
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madethethermalstressthroughoutthetestsurface
relativelyuniform.In orderto meetthesmoothness
requirements,specialcarewas takenbetweenthe
inboardgloveleadingedge,thefairing,andtheoriginal
wingsurface.Theglovewasrigidlyattachedtothewing
onlyattheinboardleadingedgeinordertoaccountfor
differentialexpansionof thegloveandwingduring
flight.Theglovecouldexpandparallelto theleading
edgeandbackfromtheleadingedgewithoutadding
mechanicalstresses.

Thesubstructureoftheglovewasmadeof end-grain
balsawoodsmoothlycontouredtotheinnershapeofthe
thinskinoftheglove.Theskinwasheldtightlyagainst
thisbalsasurface(butwasfreeto slide)by270spring
attachmentsthroughswivelstudsbondedtothesteel.8
Theglovesurfacewashandfinishedandnickel-plated
forcorrosion protection.

A complete ground-test glove was manufactured and

tested in the NASA Dryden Flight Loads Laboratory.

The ground-test glove was monnted on a mock-up wing

and exposed to the thermal loads anticipated for the

flight glove. The thermal loads prescribed in the ground

test were determined using a transient, three-

dimensional finite-element analysis. 7 The

instrumentation used in the ground test included

thermocouples, strain gages, and heat flux sensors.

Details of the thermal gronnd test are provided in
references 9 and 10.

Operational Aspects

The first stage of the Pegasus® vehicle consists of a

fuselage, a wing, and a wing/fuselage fillet. These parts

were assembled and integrated with the second and third

stages of the vehicle a short time (weeks) before launch.

In order to meet the requirement for FX-1 to be

assembled independently from the rest of the vehicle,
FX-1 hardware was limited to installation on or in the

wing and the wing/fuselage fillet. With a wing and a

fillet provided by OSC, NASA was able to mount the

glove, fairing, and instrumentation and could check the

functionality of the instrumentation without being tied

directly to a particular launch. This task was completed

during the fall of 1996.

The FX-1 wing and fillet was integrated with the rest

of the vehicle at Vandenberg Air Force Base, California,

during the summer of 1998 when a primary payload

with a suitable trajectory and adequate weight margin

was identified. Final instrumentation integration and

calibrations were performed at this time. Final wing

surface quality and geometry inspection and

documentation was performed there as well and

compared with previous inspections at NASA and at the

0SC Chandler, Arizona, facility.

The Pegasus® was ferried to Cape Canaveral Air

Station, Florida, where lannch operations took place.

Real-time control room displays had been developed for

monitoring all essential FX-1 parameters. The decision

tree had made clear what backup instrumentation was

necessary to have on hand and what courses of action

would be taken depending on what failures occurred and

when they occurred. The displays and the decision tree

proved to be invaluable tools.

Instrumentation

FX-1 instrumentation was divided up conceptually

into low-frequency and high-frequency instrumentation.

The low-frequency instrumentation was sampled at

300 samples per second (sps) or less and provided time-

averaged observations of transition location, surface

pressure distribution, boundary layer profile, flow

direction, and vehicle body motion. High-frequency

instrumentation was used to identify frequencies,

wavelengths, and propagation speed and direction of

turbulence in order to determine the reasons for changes

in the time-averaged observations. High-frequency
instrumentation was also used to obtain free-stream

turbulence and glove vibration level.

The remainder of the required measurements (Mach

number, Reynolds number, and angle of attack) was

obtained independently from three sources: (1) the

Pegasus ® telemetry system (which included an inertial

navigation system and a global positioning system); (2)

ground-based radar tracking facilities; and (3) weather

balloons and meterological rockets launched before and
after the Pegasus ® launch as close in time as was safely

possible.

The onboard instrumentation made additional

measurements that are not discussed in this paper

(because they are not related to the measurement

requirements for the boundary layer transition

experiment). Those measurements were temperature of

the ceramic fairing tiles, glove strain, and power supply

and excitation voltages.

Low-Frequency Instrumentation

A proven technique for detecting transition is to

measure local temperature development and heat
transfer.ll, 12 Type K foil thermocouples (TCs) were

mounted immediately underneath the surface of the

glove, this is the reason the glove surface had to be

thermally conductive. Inboard, center, and outboard

5
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rowsof 20to 24TCseachwereused;betweenthose
rowsweretwoadditionalrowsoffourtofiveTCseach.
Timehistoriesfromthesethermocoupleswentintoa
one-dimensional inverse heat transfer analysis 13 and a

backwards finite difference computing technique. 11

Both analyses allow an estimate of true surface

temperature and heat flux. The requirement that the

glove surface be thin came from these analyses.

Electronic cold junction compensation was used for the
TCs.

A row of five Stanton tubes 14 with a Preston tube 15 at

each end and with local static pressure reference ports

was installed spanwise across the glove toward the rear

edge of the upper surface. These instruments were to

gather additional information on the passage of

transition. The total pressure changes drastically as

transition moves past the tubes, and the spanwise

measurements yield information on possible turbulent

wedges occurring along the span of the glove.

The surface pressure distribution was measured with

two rows of pressure ports, one inboard row having

32 ports and one outboard row having 40 ports.

Computed wall streamlines were used in lieu of ports in

the leading edge region of the inboard row since a

disturbance from these ports would have spread to the

main portion of the glove. Each pressure port was
0.0625 inches in diameter.

Traditionally, rakes with total pressure tubes are used

to document the boundary layer shape. However,
because the heat loads on such a rake would have been

too high during this experiment, two 'probeless' rakes,
based on the concepts of Keener and Hopkins, 16 were

used. The FX-1 rakes were 6-degree half-angle wedges

with blunt leading edges and flat sides (fig. 8). The taller

rake had eight total pressure ports drilled in the face,

and the highest port was 2 inches above the glove

surface. Two ports were drilled in the face of the shorter

rake. Both rakes also had a pressure port on each side.
Two rakes rather than one were used in order to have

additional measurements close to the glove surface and
to have data that could be used to evaluate the effect of

probe height on the measurement.

Tests were conducted in a hypersonic Helium-flow

wind tunnel to compare the performance of the taller

probeless rake with a traditional rake. These tests

showed that Mach number had to be greater than 2 for

the total pressure readings to provide valid information;

readings from the ports in the subsonic part of the

boundary layer were identical. These results are
consistent with a theoretical calibration based on the

Rayleigh Pitot tube formula. 17

Readings from the side ports, however, were valid at
all Mach numbers and could be used to determine

approximate flow direction when the shock (for flow

greater than Mach 1) was attached. The higher the Mach

number, the larger the angle that could be determined.

Absolute pressure was measured through a reference

tank using a 20-bit thermally compensated transducer.

All other low-frequency pressures were measured by

electronically scanned differential pressure modules

referenced to the tank through pneumatic tubing of

equal length, so that the time lag of all the pressure ports

would be equal. The temperature of the differential

modules was actively controlled, and the reference tank

was free to vent as the flight progressed.

The full-scale range of the differential pressure

transducers measuring the rake and Preston tube total

pressures was _ 10 pounds per square inch (psi). The

full-scale range for all other low-frequency differential

pressure measurements was _+ 5 psi to provide sufficient

resolution in the low-pressure experiment window (late

in the flight). Thus, because of the three-order-of-

magnitude change in pressure anticipated during flight

(see fig. 4), the _ 5 psi transducers were overpressured

during the high-pressure portion of the flight (early in

the flight). Because overpressure was expected, those

transducers were tested to _ 8 psi prior to flight, and a

comparison of the calibrations before and after the test

showed that overpressuring the transducers did not

cause a change to the calibration.

A _ 10-g three-axis accelerometer package was also

used. It was located near the Stage 1 center of gravity

and was used to measure vehicle body motion.

High-Frequency Instrumentation

Hot-fill anemometry and the measurement of local

pressure fluctuations are two proven techniques for

identifying the frequencies, wavelengths, and

propagation speed and direction of disturbances. 18 A

dual hot-film sensor usable in high temperatures was
developed specifically for FX-1.19 The sensor had two

orthogonal pairs of nickel thin-films deposited on a 0.5

in. diameter cured silica plug (fig. 9) that was flush-

mounted into the glove surface. Each pair of films

consisted of an active element (the hot fill) and a

passive element (for sensing ambient temperature). The

fills were operated by temperature-compensated
anemometry 2° that maintained the hot films at an

overheat ratio of 1.3 with respect to ambient

temperature. Three of these dual sensors were installed

toward the rear of the glove (fig. 8). Precursor flight

6
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testing(discussedin thatsectionofthepaper)wasused
toestablishconfidenceinthesensordesign.

Anarrayofthreehigh-frequencydifferentialpressure
transducerswasinstallednearthedualhot-filmsensors
andwasusedtomeasurethelocalpressurefluctuations
(fig. 8). Signalconditioningwasset for full-scale
readingsof approximately0.1psi (150dB sound
pressurelevel).Becausethe sensingareaof these
transducerswastoolargeandthesensingsurfacewas
tooroughtobemountedflushwiththeglovesurface,
thetransducersweremountedundertheglovesurface
beneathpinholes.

It wasnotthesteady-statelevelof pressurebutthe
high-frequencyfluctuationsin pressurethatwereof
interestforthismeasurement,soanyconvenientvolume
of air largeenoughto serveasalow-passfilterwas
adequatefor thereferenceportof thesetransducers.
Therefore,thereferenceportwasopentotheinsideof
theglove.Thisvolumeventedfreelyduringtheflight.

Althoughhigh-frequencypressuretransducershad
beenusedin previoustransitionflightexperiments,21
somelaboratorywork wasrequiredto refinethe
amplitudeandphaserelationsbetweenthewould-be
flush-mountedtransducersandthe actualpinhole-
mountedtransducers.Thetestapparatusassembledfor
thispurposeconsistedofaloudspeakerandafunnelfor
guidingthesoundwavesdownto thetransducer.The
bottomof the funneladapterrepresentsthe glove
surface.Figure10parts(a) and(b) showtwotest
configurations:onewithaflush-mountedtransducerand
onewithapinhole-mountedtransducer.Inthesidewall
of theneckof theftmnel,areferencetransducerwas
mountedandadjusteduntiltheamplitudeandphaseof
itssignalmatchedthoseofthesignalobtainedwiththe
flush-mountedtransducer(fig.10(a)).In thisway,the
amplitudeandphasedifferencesobtainedbetweenthe
flush-mountedtransducerand the pinhole-monnted
transducerwouldbedeterminedwhentheconfiguration
in(fig.10(b))wasused.Figure10(c)isaphotographof
theactualhardware.Whitenoisewasthestimulusfor
thecalibration.Calibrationswereperformedbothatsea
levelpressureandinavacuumchambersettopressures
correspondingto altitudesof 60,000,70,000,and
80,000ft. 80,000ft wasashighasthetestequipment
wouldoperate.

It is worthnotingthatpinholemountingmadeit
possibletouseatransducerwithastandardtemperature
range(-65°Fto250°F)ratherthanahightemperature
range(-65°Fto 500°F).It is alsoworthmentioning

thatprior to the selectionof thepinhole-mounted
approachfor makingthis measurement,theuseof
graphiteasanablatorforthesetransducerswastestedas
a meansfor protectingthe transducersfrom high
temperatures.Thatapproach,however,wasnotpursued
furtherbecauseof theuncertaineffectof ablationon
calibration.

Free-streamfluctuationswerealsomeasuredwitha
high-frequencydifferentialpressuretransducerwhose
signalconditioningwassetfor full-scalereadingsof

approximately 0.1 psi (150 dB sound pressure level).

The transducer was mounted forward-facing above the

surface of the glove in a metal housing shown in

figure 8. This transducer also had a standard

temperature range and depended on the heat-sinking

capability of the housing to keep it within range.

Glove vibrations were measured with accelerometers.

The root-mean-square (RMS) signal levels of these

accelerometers were set to 5-g RMS full-scale.

Figure 11 illustrates the sensor layout. It also depicts

an example transition scenario.

Data Acquisition System

The data acquisition system was located in the

wing/fuselage fillet of the Pegasus. Low-frequency

instrumentation was connected to a 12-bit pulse code

modulation (PCM) system through analog signal condi-

tioning electronics. High-frequency instrumentation was

connected to the PCM system by one or more onboard

signal processing systems described in the next section.

The total bit rate was 0.8 Mbit/sec.

Onboard Signal Processing

Three types of onboard signal processing systems

were used for FX-1. The primary system was called the

Data Acquisition and Processing System (DAPS). 22

Two of these four-channel systems were used: one for

acquiring data from two of the dual hot-film sensors and

the other for acquiring data from the four high-

frequency pressure transducers. Each DAPS channel

acquired information for up to 25 kHz by sampling at

100,000 sps. For eight channels, the total acquisition

rate was 9.6 Mbit/sec.

The approach selected for meeting the requirement of

fitting nearly 10 Mbit/sec of data into a 0.8 Mbit/sec

telemetry link was to compute the PSDs and selected

statistics in real-time, onboard the vehicle, and pass

them on with enough time-series data so that the
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correlationsandtheremainderofthestatisticscouldbe
computedon the groundpostflight.The following
paragraphsexplaintherationaleforthisapproach.

Thefirstconsiderationisthevolumeof thedatathat
PSDs,correlations,andstatisticalanalysesproduce.
Correlationsexpandthevolumeof datato theextent
thatcomputingthoseonboardthevehiclewouldhave
beencounterproductive.Ontheotherhand,spectral
analysisofteninvolvestheensembleaveragingofPSDs.
Averagingreducesthe volumeof data.Likewise,
statisticalmomentsalsoreducethevolumeof data.
Therefore,it madesenseto summarizethedatathat
couldnotbedownlinkedintoensemble-averagedPSDs
andselectedstatistics(meanandstandarddeviation).

Thesecondconsiderationisrelatedtotherequirement
thatreal-timeanalysesbeaccomplishedwithinthetime
thatMachnumberchangesby 0.01;thatis, within
100ms.Theassumptionbehindthisrequirementisthat
theboundarylayeris stationary,statisticallyspeaking,
duringthistime.If thisassumptionis tree,thenan
analysisoveranysufficientlylongsubsetofthe100ms
wouldrevealthesamecharacteristicsthatananalysis
overthewhole100mswouldreveal.Theonlyexception
to thatstatementwouldbethattheshorteranalysis
wouldhavelowerresolutionthantheanalysisoverthe
whole100ms,becausefewerdatapointsareused.

Thethirdconsiderationisresolution.SincethePSDs,
statistics,andtime-seriesdataallhavetofit in thesame
0.8Mbit/seclink, themoreresolutiongivento the
ensemble-averagedPSDs,thelesstime-seriesdatathat
canbedownlinked.Likewise,themoretime-seriesdata
downlinked,thelowertheresolutionin thePSDs.For
thefollowingreasons,thedecisionwasmadeto use
512-pointtime-seriesrecordsand 512-pointPSDs:
(1)512pointscoveredsatisfactorilythetimescaleof
interestfor the correlations;(2) 512 points at
100,000spsyieldsasatisfactoryfrequencyresolutionof
approximately200Hz;(3)512-pointrecordsmadeeach
downlinkedPSDtheensembleaverageofasatisfactory
numberof records,namely20 records;(4)usingthe
samenumberofpointsmakesit easytocompareaPSD-
generatedpostflightfromthetime-seriesdatawiththe
downlinkedPSD.ThetwoPSDswouldbesimilarif the
signalwasstationary.

Thetime-seriesrecordthatwasdownlinkedcovered
only5msof the100msflightcondition.In orderto
determinehowwellthese5 msof datarepresentthe
whole 100 ms, the followingcomputationsand
comparisonswereperformed.DAPScomputedthe
standarddeviationofeach512-pointtime-seriesrecord

thatwentintotheensemble-averagedPSD.Forthose
records,DAPSnotedand relayedthe minimum,
average,andmaximumstandarddeviations.These
statisticsprovidedan indicationof the consistency
betweeneach5mssubsetofthe100msflightcondition.
Likewise,thestandarddeviationoftheonedownlinked
time-seriesrecordwouldbecomparedtothosestatistics
todeterminehowwelltherecordrepresentedthewhole
100ms.Finally,thePSDcomparisonmentionedatthe
endof thepreviousparagraphwouldalsoprovidean
indicationofhowwelltherecordrepresentedthewhole
100ms.

NotethatalthoughthePSDshad512points,onlythe
first 151pointsrepresentingfrequenciesupto 29kHz
weredownlinked.Thefirst 128pointsrepresenting
frequenciesupto25kHzwouldhavebeenadequate,but
thestructureof thePCMdownlinkmadeit convenient
totransmittheextrapoints.Incontrast,thestructureof
thePCMdownlinklimitedthedownlinkedtime-series
toonly498pointsinsteadof512points.Althoughless
thanideal,498wascloseenoughto 512to satisfythe
rationalestatedearlierfor the512-pointtime-series
records.DAPSalsocomputedandrelayedthenumber
ofzerocrossingsforeach100msandtransmittedframe
countingandsynchronizationinformation.

In additionto DAPS,two othertypesof onboard
signalprocessingsystemswereused.Onewasafour-
channelswept-tunedspectrumanalyzer23 which
providedinformationupto25kHzfortwoof thehot-
films and two of the high-frequencypressure
transducers.This'sweepanalyzer'hadbeenusedon
FX-AandwasusedonFX-1mainlyasabackupinthe
eventeitherfour-channelDAPSfailed.Theothertype
of signalprocessingsystemwasa widebandRMS
system.Thissystemwasusedfor monitoringsignal
levelandfor crudecharacterizationof thehot-film,
high-frequencypressure,and vibrationsignals.It
convertedthetrueRMSvaluesofthesehigh-frequency
signalstoDClevelsovera 100msaveragingtimeand
passedtheresulttothePCMsystem.

Figure12 is a pictorialsummaryof theonboard
instrumentationandsignalprocessingusedforFX-1.It
showsthelow-andhigh-frequencysensorsandtheir
connectionsto the PCM systemthroughsignal
conditioningorthroughsignalprocessing.

Precursor Flight Testing

Two flight experiments were conducted in order to

develop the PHYSX instrumentation approach. The

purpose for an experiment flown in June 1994 on the

8
Alnelican Institute of Aeronautics and Astronautics



Pegasus® Step-1(FX-A)launchwasto determinethe
vibrationenvironmentin the wing/fuselagearea
resultingfromrocketburnto verifythattheselected
sensorsandthe sweepanalyzerwouldtoleratethe
environmentandprovideusefuldata.A panelin the
wing/fuselagefillethadbeeninstrumentedwithsurface
hot-films,high-frequencypressuretransducersand
pressureportsof varyingdiameterandlinelengthsto
resolvepressurelagissuesfor theportsin thewing
glove.Accelerometerdatashowedthatthemajorityof
thevibrationswerelimitedtoroughly4kHzandthatthe
maximumamplitudewasreachedroughly20seconds
afterlaunch.24

WhiletheFX-Alaunchprovideddatafor turbulent

flow on the sidewall panel, the flight tests with the

NASA Dryden F-15 Flight Test Fixture (FTF) provided
data in a transitional flow. 2 The experiment served to

verify both the functionality of the high-frequency

sensors in a transitional environment and the ability of
the DAPS to characterize that transitional flow.

An array of sensors was mounted on the elliptical

nose of the FTF, both to determine the transition

location as a function of flight condition and to examine
its characteristics. Thus the effect of a transition front

sweeping past a sensor array, as anticipated for FX-1,
could be examined. It was demonstrated that transition

passage could be detected by the low-frequency

measurements (Preston tubes, Stanton tubes, and hot-

film DC level), while spectra from both hot-film and

high-frequency pressure transducers were needed for a

positive identification of the cause of transition.

Results

In this section some examples of results obtained

from FX-1 are presented. Transition, turbulent and

laminar flow, boundary layer profile, pressure

distributions, vibrations and staging are discussed.

Transition

Figure 13 shows the time history of one thermocouple

before and after transition passes the sensor. Because

the transition region moves aft on the glove surface as

time progresses (as the unit Reynolds number

decreases), the sensor is exposed to a turbulent

boundary layer first and then to a laminar boundary

layer. The difference in slope clearly shows the change

from turbulent flow to laminar flow. This figure

illustrates the value of having abundant samples even for

a low-frequency measurement.

Figure 14(a) shows the time histories from a dual hot-

film sensor during transition. Figure 14(b) shows the

time history from one of the surface high frequency

pressure transducers during transition. The upward

spikes in figure 14(a) show that the flow is mostly

laminar and contains turbulent spikes. The downward

spikes in figure 14(b) show that the flow is mostly

turbulent and contains laminar spikes.

Figure 15 shows the flatness (kurtosis) computed
from the DAPS time-series data for both hot-films of a

dual hot-film sensor. Both hot-film signals exhibit peaks
in the measure of flatness, a feature that is consistent

with transition. 25 Meanwhile, lack of change in the
flatness of the free-stream turbulence measurement

obtained by the forward-facing high-frequency pressure
transducer indicates that the transducer was indeed

outside the boundary layer.

It is worth noting that the flatness computed from the

DAPS time-series data for the three surface high-

frequency pressure transducers also contained peaks in
the measure of flatness.

Turbulent and Laminar Flow

Bridge voltage readings for one hot-film in both

turbulent and laminar flow are shown in figure 16. The

steady-state signal is the set of low sample-rate

readings. The RMS signal is the output of the wideband

RMS system for the measurement. The higher levels for

both signals indicate turbulence and the lower levels
indicate laminar fow.

Figure 17 shows time histories of standard deviation

or RMS for one hot-film signal passed through three

processing techniques. One curve was produced by the

wideband RMS system. The second curve was the

average standard deviation produced by the DAPS unit.

The individual points are the standard deviations

computed postflight from selected 498-point DAPS time

series. The individual points are consistent with the

results obtained by onboard processing. The larger

readings are for turbulent flow, and overall, the slow
variation of the standard deviation confirms the

turbulent nature of the flow during this time period.

Results from mostly laminar readings are shown for

comparison.

Boundary Layer Profile

The probeless rake data confirmed the previous

assessments that the Mach number had to be greater

than 2 for the rake to provide valid information. In the
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subsonicpartof theboundarylayer,theportsgavethe
samevalue.Figure18showsexamplesofMachnumber
distributionfor threefight Machnumberswherethe
datais valid.Thecurvesindicateboundarylayer
thicknessesslightlyabove1in., andthelaminarcase
exhibitsrake-inducedseparation.

As mentionedpreviously,therakesalsoprovided
informationonthecrossflowangle.Figure19showsthe
indicatedcrossflowanglefor thefirst 40secof the

flight. Free-stream crossflow was obtained from the

taller rake, whose side ports were outside the boundary

layer. Crossflow near the wall was obtained from the

side ports of the shorter rake. In order to see the

correlation between vehicle angle of attack and

indicated crossflow angle, the regression equation for

indicated crossflow near the wall as a function of angle

of attack is plotted.

Pressure Distributions

Figure 20 shows three pressure distributions around

the wing leading edge from the first 25 sec of the flight.

Pressure coefficient is plotted against distance from the

leading edge, with positive distances representing the

top of the vehicle. For this plot, absolute pressure is the

reference pressure used in computing the pressure

coefficient. Time for the three curves are 5, 15, and 25

sec following drop, respectively. Mach numbers are 0.9,

1.3, and 1.95, respectively. And angle of attack is 14°,

18°, and 11 °, respectively. The pressure distributions are

smooth, which is important for judging the data.

Vibrations

Figure 21 illustrates the drop transient response from

an AC-coupled accelerometer measuring the vertical

component and confirms the mode existing around

12 Hz. The effects of this mode needs to be considered,

because the averaging time for most of the data

corresponds to 10 Hz.

Sta_!agk_

The instrumentation worked up to staging

(time = 95 sec, approximately) and for most sensors

more than 30 sec longer. It was evident that during

staging the plume from Stage 2 blasted the glove,

causing an immediate jump in temperature. For

example, the temperature of one of the inboard fairing
tiles increased as much as 800-1000 °F in

approximately 1 sec before Stage 2 had moved far

enough away.

Conclusions

This paper outlined the characteristics of a transition

fight experiment for transition code validation at

hypersonic speeds. Performing the experiment as a
secondary payload (piggyback) on a Pegasus ® launch

put severe requirements on the experiment. The design

and fabrication of the glove, with its fairing, required

unconventional solutions and extensive testing. Onboard

signal processing and signal sample throughput were
critical for the value of the experiment.

The severe requirements also constrained the

approach taken to designing and integrating the
measurement system. It was necessary to use a stepwise

approach; that is, it was necessary to verify the

functionality of sensors and data acquisition and

processing systems in separate tests. Moreover, multiple
sensing and signal processing methods were used in

order to establish data validity and to minimize the

impact of sensor or signal conditioning failure. From an

operational perspective, the real-time display system
and decision-tree analysis turned out to be invaluable for

real-time assessment of go/no-go issues.

Even though the fight hardware had been
manufactured and mounted on a Pegasus ® wing more

than one year before the experiment was manifested, the

data quality and consistency was fully adequate, and

valuable data was obtained for a longer time period than

anticipated.
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Figure 3. Pegasus ® trajectory as a function of time for launch vehicle containing FX- 1.
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Figure 5. Photograph of glove and wing before vehicle assembly.
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Figure 6. Plan view of glove and fairings.
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Figure 7. Cross-sectional view of leading-edge region of glove on Pegasus ® wing.
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Figure 8. Photograph of instrumentation mounted externally toward the rear of the glove.

Figure 9. Photograph of dual hot-film sensor.
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(b) Cross-sectional illustration of pinhole-motmted configuration.

Figure 10. High-frequency pressure transducer calibration apparatus.
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(C) Photograph of test apparatus.

Figure 10. Concluded.
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Figure 11. Sensor layout in rear part of glove with conceptual transition pattern shown.
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Figure 12. FX-10nboard instrumentation and signal processing block diagram.
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Figure 13. Time history from one thermocouple showing transition from a turbulent to a laminar boundary layer.
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Figure 15. Flatness for the two hot-films of a dual hot-film sensor and the free-stream transducer during transition.
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Figure 16. DC and RMS bridge voltages for one hot-film in turbulent and laminar flow.
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Figure 17. Turbulence results obtained with multiple processing techniques from one hot-film.
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Figure 19. Crossflow angle indicated by probeless rake.
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Figure 20. Pressure distribution around the leading edge for three flight conditions.

1

_ 0 .......... _i i • .i.)...

-2
-.2 0 .2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 2.0

Time, sec
990489

Figure 21. Drop transient for the Pegasus ® vehicle containing FX-1.
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